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Abstract
The three-body charmless hadronic decay B0s→ K0S π+π− provides a number of novel possibilities to search for CP
violation eﬀects and test the Standard Model of particle physics. These include ﬁts to the Dalitz-plot distributions
of the decay-time-integrated ﬁnal state, decay-time-dependent (but without initial state ﬂavour tagging) ﬁts to the
Dalitz-plot distribution, as well as full decay-time-dependent and ﬂavour tagged ﬁts. The relative sensitivities of these
diﬀerent approaches are investigated.
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1. Introduction
The search for a new source of CP violation in ad-
dition to that predicted by the CKM matrix [1, 2] is
among the main goals of current particle physics re-
search. In the quark sector, a number of important tests
have been performed by experiments such as BaBar,
Belle and LHCb [3–7]. This line of investigation will
be continued by Belle II [8] and the upgraded LHCb
experiment [9, 10].
One of the most interesting approaches to search for
new sources of CP violation is by studying the decay-
time distribution of neutral B meson decays to hadronic
ﬁnal states mediated by the loop (“penguin”) b → s
amplitude. As-yet undiscovered particles can contribute
in the loops and cause the observables to deviate from
their expected values in the Standard Model (SM) [11–
14]. Studies of B0 decays to φK0S , η
′K0S , K0S K0S K0S and
various other ﬁnal states have been performed for this
reason. The latest results are consistent with the SM
predictions, but improved measurements are needed to
be sensitive to small deviations.
Experience from previous experiments has shown
that full decay-time-dependent Dalitz-plot analysis of
a three-body decay (for example B0 → K0S π+π−) is
more sensitive than a “quasi-two-body” approach (in
this example, considering only the K0S ρ
0 contribution).
This is particularly notable in the case that broad res-
onances contribute, since interference causes eﬀects
to which quasi-two-body approaches have no sensitiv-
ity [15–17]. Several methods have been proposed to
exploit such interferences in b → s transitions to al-
low determination of underlying parameters such as the
CKM phase γ with reduced theoretical uncertainty [18–
22]. Full decay-time-dependent Dalitz-plot analyses of
B0 → K0S π+π− [23, 24] and B0 → K0S K+K− [25, 26]
have been performed by BaBar and Belle, but similar
studies of B0s meson decays have not yet been possible.
First results from LHCb on decays of the B0s meson
via hadronic b → s amplitudes have, however, recently
become available. Decay-time-dependent analyses of
B0s → K+K− [27] and B0s → φφ [28] have already been
performed. The ﬁrst observations of B0s → K0S K±π∓ and
B0s → K0S π+π− have also been reported [29], including
information on contributing K∗ resonances [30], sug-
gesting that it will be possible to study CP violation in
these modes in the future.
One interesting feature of the B0s→ K0S π+π− decays is
that an asymmetry in the time-integrated yields across
the mirror line of the Dalitz plot is a signature of CP
violation [31–33]. This can be exploited to search for
CP asymmetry with either model-independent or model-
dependent approaches. Another important aspect of the
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B0s system, with regard to CP violation searches, is the
non-zero width diﬀerence ΔΓs between the mass eigen-
states. Compared to the situation for B0 decays, the
decay-time distribution receives additional terms that do
not vanish when integrated over the initial ﬂavour of the
B meson. This implies that information about CP vi-
olation parameters can be obtained from analyses that
do not tag the initial ﬂavour, through so-called eﬀective
lifetime measurements [34, 35]. Although analyses that
include ﬂavour tagging information will always be more
sensitive, this method may still be of interest for analy-
ses based on small event samples, since it is diﬃcult to
achieve high eﬀective tagging eﬃciency at hadron col-
lider experiments such as LHCb.
The purpose of this paper is to investigate the com-
parative sensitivity of diﬀerent methods to search for
CP violation in B0s → K0S π+π− decays. The meth-
ods that are considered are (i) untagged, decay-time-
integrated; (ii) untagged, decay-time-dependent; (iii)
tagged, decay-time-dependent. Only model-dependent
methods are included. The study is based on a sim-
ple toy model for the decays, including contributions
only from K∗(892), K∗0(1430), ρ(770), and f0(980) res-
onances, implemented with the Laura++ Dalitz-plot ﬁt-
ting package [36].
2. Formalism
The decay-time distribution for the decays of mesons,
initially produced as B0s and B
0
s ﬂavour eigenstates, to a
ﬁnal state f can be written [37]
d
dtΓB0s→ f (t) =
N f e−t/τ(B0s )
2τ(B0s )
[
cosh
(
ΔΓst
2
)
+ S f sin(Δmst)−
C f cos(Δmst) + A
ΔΓs
f sinh
(
ΔΓst
2
) ]
,
(1)
and
d
dtΓB0s→ f (t) =
N f e−t/τ(B0s )
2τ(B0s )
[
cosh
(
ΔΓst
2
)
− S f sin(Δmst)+
C f cos(Δmst) + A
ΔΓs
f sinh
(
ΔΓst
2
) ]
,
(2)
where the mass and width diﬀerences between the light
(L) and heavy (H) B0s physical eigenstates are deﬁned
as Δms = mH − mL and ΔΓs = ΓL − ΓH, and the B0s
lifetime is τ(B0s) =
(
ΓL+ΓH
2
)−1
(units with  = c = 1 are
used). The coeﬃcients of the sin(Δmst), cos(Δmst) and
sinh
(
ΔΓst
2
)
terms are often expressed as
S f ≡ 2(λ f )
1 +
∣∣∣λ f ∣∣∣2 ,C f ≡
1 − ∣∣∣λ f ∣∣∣2
1 +
∣∣∣λ f ∣∣∣2 , A
ΔΓs
f ≡ −
2(λ f )
1 + |λ f |2 ,
(3)
where the parameter λ f encodes information about CP
violation and is given by λ f =
q
p
A¯ f
A f where A¯ f and A f
are the amplitudes for B0s and B
0
s decay to the ﬁnal state
f and q and p deﬁne the physical eigenstates in terms of
their ﬂavour components
|B0sL〉 = p|B0s〉+q|B0s〉 , |B0sH〉 = p|B0s〉−q|B0s〉 , (4)
with |p|2 + |q|2 = 1. Note that, by deﬁnition,
(
S f
)2
+
(
C f
)2
+
(
AΔΓsf
)2
= 1 . (5)
In the remainder of this work, it will be assumed that
|q/p| = 1 (i.e. absence of CP violation in mixing).
By requiring that the integral over t from zero to in-
ﬁnity of the sum of Eq. (1) and Eq. (2) is equal to∣∣∣A f ∣∣∣2 + ∣∣∣A¯ f ∣∣∣2, the normalisation factor is found to be
N f =
(∣∣∣A f ∣∣∣2 + ∣∣∣A¯ f ∣∣∣2
) 1 − y2
1 + yAΔΓsf
, (6)
where y = τ(B0s)ΔΓs/2. The correction involving y is the
origin of the diﬀerence between branching fractions cal-
culated at t = 0 or after integration over decay time [38].
The discussion above is appropriate for any ﬁnal state
f , including two-body decays. For multibody decays
described by the isobar model [39–41], the total ampli-
tude is obtained from a sum of amplitudes from resonant
or nonresonant decay channels,
A f =
N∑
j=1
c jF j( f ) , A¯ f =
N∑
j=1
c¯ jF j( f ) , (7)
where F j( f ) are dynamical amplitudes that contain the
lineshape and spin-dependence of the hadronic part of
the amplitude labelled by j evaluated at the point in
phase space given by f , and c j are complex coeﬃcients
describing the relative magnitude and phase of the dif-
ferent decay channels. Since the F j( f ) terms describe
strong dynamics only, they are CP conserving. By con-
trast, the c j terms can be CP violating, which is man-
ifested when c¯ j diﬀers from c j in either magnitude or
phase – typically this can occur when the amplitude j
has contributions from both “tree” and “loop” (or “pen-
guin”) amplitudes.
The above discussion makes clear how diﬀerent
forms ofCP violation may be manifest in diﬀerent types
of analysis:
i. Untagged, decay-time-integrated Dalitz plot:
In the absence of all forms of CP violation, there is
a symmetry between the mirror line in the K0S π
+π−
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phase-space. This can be broken, for example, by
CP violation in decay to ﬂavour-speciﬁc ﬁnal states,
such as K∗±π∓, since the B0s and B0s decays populate
diﬀerent regions of the Dalitz plot. In general one
would expect to ﬁnd larger asymmetries in some
local regions of the phase space, and either model-
dependent or model-independent methods could be
used to search for such eﬀects. A model-dependent
ﬁt can determine the C f parameters of Eq. 1 and 2.
ii. Untagged, decay-time-dependent Dalitz plot:
The AΔΓsf terms of Eq. 1 and 2 can be determined,
and therefore more information is obtained com-
pared to the decay-time-integrated case.
iii. Tagged, decay-time-dependent Dalitz plot:
All terms, including the S f parameters, can be de-
termined. This method therefore provides addi-
tional sensitivity to the model parameters, in partic-
ular to the relative phase between B0s and B
0
s decay
amplitudes.
This general discussion does not answer the question
of how much additional sensitivity is obtained as the
analysis is made increasingly more complex. That will
be addressed in the next sections.
3. Method to generate toy samples
Several ensembles of Monte Carlo pseudoexperi-
ments are generated to investigate CP violation eﬀects
in B0s → K0S π+π− decays. The simulation is performed
without any experimental eﬀects, such as background,
acceptance, resolution or imperfect ﬂavour tagging. The
toy model contains the ρ0(770), f0(980), K∗±(892) and
K∗±0 (1430) resonances. All mass terms are described
by the relativistic Breit-Wigner (RBW) function, apart
from the K∗±0 (1430) lineshape which is modelled by the
LASS shape [42]. The parametrisation of complex co-
eﬃcients is given by
(−)
c j = (x j ± Δx j) + i(y j ± Δy j) , (8)
where Δx j and Δy j areCP-violating parameters. Table 1
summarises the baseline model used to generate events,
with decay-time distribution given in Eq. 1 and 2.
In the ﬁt, the
(−)
c j coeﬃcients are measured relative to
the ρ0(770) resonance contribution. Each pseudoexperi-
ment is ﬁtted many times with randomised initial values
of the parameters in order to ﬁnd the global minimum
of the negative log likelihood function. Asymmetries
are calculated as
ACP j = |c¯ j|
2 − |c j|2
|c¯ j|2 + |c j|2 =
−2(x jΔx j + y jΔy j)
x2j + Δx
2
j + y
2
j + Δy
2
j
. (9)
Table 1: Benchmark parameters for the baseline Dalitz plot model
used as input in the generation.
Resonance x j Δx j y j Δy j
ρ0(770) 1.0 0.0 0.0 0.0
f0(980) 0.4 cos(5π/4) 0.0 0.4 sin(5π/3) 0.0
K∗±(892) 1.2 cos(π/3) 0.0 1.2 sin(π/3) 0.0
K∗±0 (1430) 1.7 cos(π/3) 0.0 1.7 sin(π/3) 0.0
CP violation can also be manifest in a diﬀerence be-
tween the phase of the B0s and B
0
s decay amplitudes,
Δδ j = arg
(
c¯ j
c j
)
= tan−1
(
y j + Δy j
x j + Δx j
)
− tan−1
(
y j − Δy j
x j − Δx j
)
.
(10)
The baseline model is modiﬁed in various ways to
introduce CP violation. Interference between the B0s-
B0s oscillation and decay amplitudes is incorporated
through the CP violation weak phase φs. While the
SM predicts φSMs = −2βs ≡ −2 arg(−VtsV∗tb/VcsV∗cb) =−0.036 ± 0.002 rad, contributions from physics beyond
the SM could lead to much larger values. Three diﬀer-
ent scenarios are generated: φs = 0, φs = −2βs and
φs = −20βs. In addition, CP violation in the decay of
each resonance is examined: CP violation in the magni-
tude, with ACP = 5%, 10%, 20% and 50%; CP viola-
tion due to the diﬀerence in the relative phase in steps
of π/4 from 0 to 2π; and CP violation in both magni-
tude and phase diﬀerence. Pseudoexperiments are gen-
erated with sample size corresponding roughly to the
anticipated yields available at LHCb by the end of the
LHC Run II (2000 events). Ensembles with other sam-
ple sizes are also generated to test the scaling of the un-
certainties. Only a representative subset of the results
obtained are presented here due to space constraints.
4. Results
Figure 1 shows the results for various scenarios of CP
violation in the K∗±(892) amplitude, with yields cor-
responding to LHC Run I+II. The ﬁtted values of the
isobar coeﬃcients in each pseudoexperiment are rep-
resented by the points in the Argand plane, with the
ellipses illustrating the central values and 1σ contour
boundaries from the ensemble. The colour schemes for
B0s and B
0
s coeﬃcients are represented respectively by:
blue and cyan for method i; light and dark green for
method ii; and red and magenta for method iii.
It is immediately clear that the magnitude of the am-
plitude is determined much more precisely than the
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Figure 1: Fitted values of the K∗±(892) isobar coeﬃcients plotted in the Argand plane. The points are the values determined from individual
pseudoexperiments while the ellipses illustrate the mean value and 68% conﬁdence level contour from the corresponding ensemble. The results for
c j (c¯ j) are shown for method i in blue (cyan), for method ii in green (dark green) and for method iii in red (magenta). All experiments are generated
with 2000 signal events and φs = −2βs and the following scenarios: (top left) no CP violation, (top right)ACP = 50%, (bottom left) Δδ = 3π/4 and
(bottom right)ACP = 50% and Δδ = 3π/4.
phase, leading to the arc-like distribution of points. Ta-
ble 2 compares the precision of the diﬀerent ﬁtting
methods for each of the CP violation scenarios. The
results indicate that the generated asymmetries are re-
trieved in all scenarios with good precision and without
signiﬁcant bias. The untagged methods give statistical
uncertainties that are only slightly larger, due to the fact
that the K∗ resonances from the decay of B0s and B0s pop-
ulate diﬀerent regions of the Dalitz plot. In addition, the
very similar uncertainties given by the two untagged ap-
proaches suggests that the AΔΓsf term does not provide a
signiﬁcant amount of extra sensitivity. Further studies
with realistic experimental eﬀects are necessary to de-
termine the exact sensitivities achievable. An extrapo-
lation of the precision estimated here suggests that such
measurements appear to be feasible, albeit with large
uncertainty, with the LHCb Run I dataset that is already
in hand.
A further study is performed to investigate the sen-
sitivity to the φs observable. Figure 2 compares the re-
sults from methods ii and iii (such a determination is not
possible with method i). There is a clear improvement
in the determination of the weak phase when tagging is
applied. With perfect tagging, the precision on φs shows
an order of magnitude improvement. Using a more re-
alistic tagging power of ∼ 5%, as achieved recently by
LHCb [43, 44], still provides a factor ∼ 2.5 better sen-
sitivity to φs than the untagged case. Alternatively one
can ﬁx the value of φs = −2βs in the ﬁt and ﬂoat the
Δy j parameter of the ρ0(770) resonance in order to mea-
sure the relative phase between the B0s and B
0
s decay to
this state. This approach is also illustrated in Fig. 2 and
shows the same behaviour comparing methods ii and iii.
5. Summary
The recent observation of B0s decays to charmless
three-body ﬁnal states marks the start of a new and
interesting ﬁeld of CP violation investigation. In this
note, a comparative sensitivity study for diﬀerent ap-
proaches to Dalitz plot analysis has been performed for
B0s → K0S π+π− decays. It has been demonstrated that
good precision for the phase diﬀerence between B0s and
B0s decays to K
∗±(892)π∓ can be achieved with untagged
analysis approaches (e.g. for the LHC Run I and II).
Flavour tagging is, however, needed to determine φs
(i.e. the relative phase in B0s(B
0
s)→ K0S ρ0(770) decays).
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Table 2: Comparison of the uncertainties on the K∗±(892) CP-violating parameters determined using the diﬀerent ﬁtting methods. The results
are quoted in terms of the polar co-ordinates c j = a jeiδ j , c¯ j = a¯ jeiδ¯ j . The relative uncertainties for method iii are quoted (the central values of
the parameters correspond to the values given in Table 1, modiﬁed according to the CP violation parameters), together with comparisons of the
uncertainties with the diﬀerent Dalitz plot ﬁt methods. The typical uncertainty on the relative precision is ±0.1.
CP-violation parameters σ(method iii) (%) σ(method ii)
σ(method iii)
σ(method i)
σ(method iii)
ACP Δδ φs a j a¯ j δ j δ¯ j a j a¯ j δ j δ¯ j a j a¯ j δ j δ¯ j
20% 0 0 4.6 3.7 12.3 11.6 1.1 1.2 1.8 1.8 1.0 1.0 1.7 1.8
50% 0 2βs 5.1 3.3 15.0 12.2 1.0 1.1 1.6 1.8 0.9 1.1 1.5 1.8
0% π/4 0 4.2 4.3 12.2 7.7 1.0 1.1 1.8 1.6 1.0 0.9 1.6 1.5
0% 3π/4 2βs 4.2 4.0 12.4 4.7 1.0 1.2 1.6 1.8 1.0 1.1 1.5 1.8
5% π/4 0 4.5 3.9 11.4 8.3 1.0 1.1 1.8 1.4 0.9 1.0 1.8 1.5
50% π 2βs 5.2 3.6 14.5 7.1 1.0 1.1 1.6 1.7 1.1 0.9 1.6 1.7
These results indicate directions for possible amplitude
analyses that can be pursued in future by Belle II and
LHCb.
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